The autosomal dominant spinocerebellar ataxias (SCAs) are a group of late-onset, neurodegenerative disorders for which 10 loci have been mapped (SCA1, SCA2, SCA4-SCA8, SCA10, MJD, and DRPLA). The mutant proteins have shown an expanded polyglutamine tract in SCA1, SCA2, MJD/SCA3, SCA6, SCA7, and DRPLA; a glycineto-arginine substitution was found in SCA6 as well. Recently, an untranslated (CTG) n expansion on chromosome 13q was described as being the cause of SCA8. We have now (1) assessed the repeat size in a group of patients with ataxia and a large number of controls, (2) examined the intergenerational transmission of the repeat, and (3) estimated the instability of repeat size in the sperm of one patient and two healthy controls. Normal SCA8 chromosomes showed an apparently trimodal distribution, with classes of small (15-21 CTGs), intermediate (22-37 CTGs), and large (40-91 CTGs) alleles; large alleles accounted for only0.7% of all normal-size alleles. No expanded alleles (у100 CTGs) were found in controls. Expansion of the CTG tract was found in five families with ataxia; expanded alleles (all paternally transmitted) were characterized mostly by repeat-size contraction. There was a high germinal instability of both expanded and normal alleles: in one patient, the expanded allele (152 CTGs) had mostly contraction in size (often into the normal range); in the sperm of two normal controls, contractions were also more frequent, but occasional expansions into the upper limit of the normal size range were also seen. In conclusion, our results show (1) no overlapping between control (15-91) and pathogenic (100-152) alleles and (2) a high instability in spermatogenesis (both for expanded and normal alleles), suggesting a high mutational rate at the SCA8 locus.
Introduction
The spinocerebellar ataxias (SCAs) are a heterogeneous group of usually late-onset, neurodegenerative disorders, characterized by gait, limb, and speech incoordination, in addition to other variable signs. Ten loci for autosomal dominant SCAs have already been mapped (Zoghbi et al. 1988; Gispert et al. 1993; Takiyama et al. 1993; Gardner et al. 1994; Koide et al. 1994; Nagafuchi et al. 1994; Ranum et al. 1994; Benomar et al. 1995; Zhuchenko et al. 1997; Koob et al. 1999; Zu et al. 1999 ). The mutant proteins show an expanded polyglutamine tract in SCA1, SCA2, Machado-Joseph disease (MJD/SCA3), SCA6, SCA7, and DRPLA Kawaguchi et al. 1994; Imbert et al. 1996; Pulst et al. 1996; Sanpei et al. 1996; David et al. 1997; Zhu-chenko et al. 1997) , whereas a glycine-to-arginine substitution has also been shown in SCA6 (Yue et al. 1997) . Recently, a new ataxia gene, named SCA8 (MIM 603680), was found on chromosome 13q; the mutation consisted of the expansion of an untranslated composite, (CTA) n (CTG) n . This mutation was identified in a very large pedigree with seven generations. The range of ages at onset of symptoms was 18-65 years (mean 39 years). The initial clinical symptoms included dysarthria, mild aspiration, and gait instability. On neurological examination, spastic and ataxic dysarthria, nystagmus, limb and gait ataxia, limb spasticity, and diminished vibration perception were found. The disease progressed slowly over time; severely affected family members were nonambulatory by the fourth to fifth decades. The repeat length of pathogenic alleles was 110-130 combined CTA-CTG repeats, whereas alleles in a control population of 1,200 chromosomes had 16-92 repeat units. Like the (CTG) n expansion in myotonic dystrophy (DM [Ashizawa et al. 1994] ), the repeat length of mutant alleles tended to contract with paternal transmission (Ϫ86 to ϩ7) and to expand further with maternal transmission (Ϫ11 to ϩ600 ). An interesting feature observed in DM and not reported in any of the SCAs is that the intergenerational contraction of the CTG repeat may accompany apparent anticipation (Ashizawa et al. 1994) . Maternal bias toward expansion is not a feature seen in other dominant SCAs Maciel et al. 1995; Imbert et al. 1996; David et al. 1997; Zhuchenko et al. 1997) . The results of Koob et al. (1999) indicate that this repeat is not translated into a polyglutamine tract, since no open-reading frames were found to extend through the CAG repeat. In SCA8, the expanded CTG repeat lies in the 3 -UTR of a transcribed RNA and has a size, orientation, and general location similar to those of the 3 untranslated CTG expansion that causes DM .
In an attempt to improve our knowledge about the molecular basis of this recently found dynamic mutation, we have (1) assessed the size of the (CTG) n at the SCA8 gene, in a large group of patients with ataxia of unknown cause and in a control population (1,818 chromosomes); (2) looked at meiotic instability of this repeat in families; and (3) examined the instability during the spermatogenesis of one patient with SCA8 and two normal controls.
Subjects and Methods

Subjects
We ascertained 73 unrelated individuals with SCA, from 21 families with dominant inheritance, 9 kindreds with apparently recessive transmission, and 43 isolated cases, all previously excluded for SCA1, SCA2, MJD/ SCA3, SCA6, SCA7, and DRPLA (Silveira et al. 1996 (Silveira et al. , 1998 . A large control population (950 blood spots conserved on filter paper) was obtained from the Portuguese national screening for PKU, performed at IGM. We also obtained sperm samples from one patient with SCA8 and from two control donors.
Methods
Peripheral blood was collected from patients and their relatives; written informed consent was obtained from each individual. Genomic DNA was isolated from peripheral blood leukocytes by standard techniques (Sambrook et al. 1989) .
Molecular analysis of the (CTG) n was performed by PCR amplification using the published primer sequences SCA8-F4 and SCA8-R4 . PCR was carried out with 1 mM of each primer; 200 mM of dNTPs; 1.0 mM MgCl 2 ; 10 mM Tris, pH 9.0; 50 mM KCl; 1 U of Taq polymerase; and 2% formamide, in a final volume of 25 ml. Samples were processed through 35 cycles (at 95ЊC for 45 s, 54ЊC for 75 s, and 72ЊC for 75 s). PCR products were analyzed on 6% polyacrylamide gels. Allele sizes were determined by comparison of migration relative to an M13 sequencing ladder. Both the CTA and the CTG repeats on the SCA8 gene are polymorphic, and PCR assay determines the combined size of the two repeats. Low-copy PCR of sperm DNA was performed after sperm dilution to ∼1-10 cells by reaction.
Haplotype analysis was performed by use of four polymorphic markers, within 2 cM of the SCA8 locus: cen-D13S1309-D13S1268-D13S275-D13S1296-tel, according to the Center for Medical Genetics and Fondation Jean Dausset CEPH databases. Because the families were too small for linkage analysis, the relative positioning of the SCA8 locus could not be established; thus, for haplotype construction, the (CTG) n was arbitrarily considered to be telomeric to the markers. The numbering of marker alleles, according to their sizes, was based on data from Généthon.
Statistical Analysis
Allele frequencies at the SCA8 locus were estimated by the gene-count method, and heterozygosity (H) was calculated as
, where x i is the estimated
frequency of the ith allele at the locus.
Results
Genotyping
The analysis of the SCA8 combined (CTA) n (CTG) n showed that seven patients, from five unrelated families, presented an expanded allele (table 1, figs. 1 and 2): three patients (from families PT and VC) had one allele with 132-152 repeats-in the expanded range, as previously described-whereas four other patients (from families CH, LE, and BR) presented an expanded allele with 100-106 repeat units, slightly below that pathogenic range ). In addition, six unaffected subjects (aged 12-77 years) carried one allele with 128-170 CTGs.
Clinical Features
Only two families (VC and LE) had more than one patient described. Age at onset of first symptoms was 20-31 years, except for one patient, in whom symptoms were present since the first year of life (table 1). The initial clinical symptoms included dysarthria and diplopia. On neurological examination, limb and gait ataxia were present in all patients; memory impairment was present in two patients (with repeat sizes of 132 and 152).
The young girl with congenital ataxia had one allele with 105 CTGs; she had had severe cerebellar signs since her first year of life, walked (with aid) only at age 5 years, had myoclonic epilepsy since age 3 years, and was NOTE.-M = male; F = female; Ϫ = absent; ϩ = mild; ϩϩ = moderate; ϩϩϩ = severe; NA = data not available.
mentally retarded. Cental nervous system malformations were excluded by magnetic resonance imaging. A skin and muscle biopsy revealed a normal pathology and showed a normal function of the mitochondrial respiratory chain; other metabolic causes of ataxia were also excluded: amino-and organic-acid chromatography and b-hexosaminidase and b-galactosidase activity were all normal. No MERRF mutations were found. Study of a-fetoprotein, immunoglobulins, and chromosome breakage excluded ataxia telangiectasia; this patient had also been excluded for Friedreich ataxia (in addition to DRPLA and the other dominant ataxias, as mentioned). This is thus the first report of a case of congenital ataxia that may be due to a mutation for a dominant SCA. Congenital forms of DM with distinct clinical features, when compared with adult-onset cases, are well known (Tsilfidis et al. 1992) .
Instability of SCA8 Alleles
Analysis of the SCA8 locus in families ( fig. 1 ) showed instability on transmission of expanded alleles, as well as of a large normal allele (family CH, individuals I:2 and II:1).
In family PT, the proband had an expansion of 152 repeat units, whereas his two asymptomatic sibs (aged 38 and 31 years) had expansions of 130 and 160 repeat units; furthermore, one of his children (aged 12 years) presented an allele with 130 units on the paternal chromosome. In family CH, a girl with congenital ataxia had inherited an expanded allele with 105 repeats from her 42-year-old unaffected father ( fig. 2) , who, in turn, had inherited an expanded and a large normal allele from his unaffected parents. Given the large instability of both expanded and large normal alleles, we cannot be completely sure that he received the expansion from his deceased father (which then underwent a contraction from 170 to 105 repeats when transmitted to his own daughter) and the large normal allele (80) from his mother (75 CTGs). The alternative, that the mother's 75 CTGs allele expanded to 170 repeats, is very unlikely (because this would imply an expansion from 80 to 105 repeats on transmission of the other allele to his daughter). In fact, there is a very strong trend for contraction of paternal expanded alleles; further expansion has been seen in just two cases, both with an increase of nine repeats or less . In family LE, the proband inherited an allele with 100 CTGs, whereas her affected brother inherited an allele with 106 repeats from their 77-yearold, unaffected father, who had 170 repeat units. This is the largest expansion found so far in an unaffected subject; an unaffected individual with 140 repeats was described by Koob et al. (1999) . In family VC, patient II:1 had an expanded allele with 132 CTGs that contracted to 128 repeats in the unaffected child (aged 14 years) but was stably transmitted to the affected one. In family BR, no relatives could be genotyped.
In summary, expanded alleles were unstable in five of six known transmissions (in the second generation of family PT, the mutation may have been inherited from either side, because the father died and the mother was unavailable for genotyping); all known transmissions were of paternal origin. This instability was characterized by a contraction of the CTG repeat tract in 4-70 units (average change of Ϫ38).
DNA analysis of the (CTG) n at the SCA8 locus always showed multiple bands for the expanded alleles, thus indicating mitotic instability in peripheral blood leukocytes ( fig. 2) .
Control Population
Analysis of the SCA8 repeat in the control population was possible for 1,818 chromosomes: normal alleles
Figure 1
Pedigrees and genotyping from four families with SCA8. Circles and squares with black dots indicate asymptomatic carriers of expanded alleles. Haplotypes of four microsatellite markers spanning 2 cM within the SCA8-locus region are shown. The haplotype that segregates with the expansion is boxed, and inferred haplotypes are bracketed. The (CTG) n (position unknown) was arbitrarily positioned as being telomeric to all markers. The fifth family (BR) is not shown, since no family genotyping was available. ranged in size from 15 to 91 CTG repeat units. SCA8 is a highly polymorphic locus ( fig. 3 and table 2) , with a heterozygosity of 87.9%. The distribution of normal alleles appears to comprise (1) a class of small alleles, within a repeat interval of 15-21 (18.9%); (2) a class of intermediate-sized alleles, with 22-37 repeats (80.4%); and (3) a rather heterogeneous class of larger alleles, with 40-91 repeat units (only 0.7%). The allele with 24 CTGs was the most common, contributing 18% of all normal alleles; it was found in the homozygous state in only 2% of the population.
Sperm-Cell Analysis
Analysis of the SCA8 repeat, by low-copy PCR, in sperm from the proband of family PT (152/28 CTGs) showed multiple bands, with sizes of 19-∼240 repeat units ( fig. 4A ). The most frequent allele in the normal
Figure 2
Pedigree and PCR products of family CH. Genomic DNA was amplified by use of primers SCA8-F4 and SCA8-R4. PCR products were analyzed on 6% polyacrylamide gels. Allele sizes were determined by comparison of migration relative to an M13 sequencing ladder. Normal alleles had sizes varying from 15 to 91 units, and expanded alleles varied from 100 to 170. range had 24 CTGs (contrasting with the 28 CTGs allele found in leukocytes), which also suggested mosaicism for the normal SCA8 allele.
Thus, to investigate whether germinal mosaicism was also present in normal individuals, we analyzed sperm cells from two control donors, with 25/25 and 23/25 CTGs in leukocytes: again, multiple bands were found, with allele sizes of 14-97 and 19-68 repeats, respectively. Most alleles were within the range of 19-37, with rare alleles !15 or 137 CTG repeats. The results implied the occurrence of frequent contractions and of occasional expansions over the normal range of 15-91 CTGs ( fig. 4B) .
Single-sperm-cell PCR (with haplotype analysis, to identify the parental origin of mutated alleles) would have been the only manner to assess the instability rate of both normal and expanded alleles. Nevertheless, in an attempt to estimate the change in size, during meiosis, for the expanded allele in the proband of family PT, sperm alleles with 137 repeats (0.7% in our controls) were considered to arise from a contraction of the 152-CTG allele. Under this assumption, an analysis of 227 sperm cells presumably carrying the mutant chromosome showed the most common allele to have 97 CTGs (152 repeats in leukocytes; fig. 5A ). Variation in size of the expanded repeat in sperm cells (as compared with its size in peripheral leukocytes) ranged from Ϫ112 to ∼ϩ88 units (range, 40-240; fig. 5B ). Altogether, there were 98.7% changes in repeat size (95% CI, 97.2-100); contractions occurred in 87.7% (95% CI, 83.4-92.0), whereas expansions accounted for only 11% of all sperm cells (95% CI, 7.1-14.9).
Of interest, only 31.3% (95% CI, 25.3-37.3) of the gametes had a repeat size in the range expected to give a clinical phenotype (у100 repeats, in our affected subjects): the chance of this male transmitting a mutated allele would be significantly less than the expected 50% ( ; ) . 
Discussion
Normal and Expanded Ranges
Our results support the previous findings that implicate a (CTG) n expansion on chromosome 13q21 in SCA8, a new form of SCA ; however, the possibility that the (CTG) n is only in linkage disequilibrium with the SCA8 locus still cannot be completely excluded.
All affected subjects showed an expanded allele between 100 and 152 repeats (110-130 in the previous report). Alleles in our large control population ranged from 15 to 91 repeats (16-92 in the previous report). Taking both studies, there is thus no overlap between normal alleles in controls (13,000 chromosomes alto- 
Figure 3
Distribution of CTG repeat size of alleles at the SCA8 locus in a normal population of Portuguese origin ( ). n = 1,818 gether) and expanded alleles found in patients with SCA8.
The allele distribution in controls (three classes) closely resembles that at the DM locus (Zerylnick et al. 1995) . Alleles !21 repeats may not show instability, whereas those with 22-37 CTGs (the most frequent) may be somewhat more unstable; this is in fact suggested by the degree of germinal mosaicism found in two healthy controls with 25/23 and 25/25 CTGs, respectively ( fig. 4B ). Large alleles, with 40-91 repeats, are very rare in the control population, but may be particularly unstable, and thus undergo occasional expansion up to full mutation; this is also suggested by the expansion of five units found on transmission of a large normal allele with 75 repeats ( figs. 1 and 2) . A similar pattern has been found for other trinucleotide-repeat diseases (Imbert et al. 1993; Zhang et al. 1994 ) and for ERDA1 (Deka et al. 1999 ), a trinucleotide-repeat locus to which no association with a pathological phenotype has yet been shown, in which different classes of repeat sizes present different mutation rates, according to age, sex, and repeat size of the transmitting parent. Additional data (more SCA8 and control families with haplotype analysis) are needed to support these findings.
The SCA8 mutation may be fairly common; it was found in five of all our families that were previously excluded for SCA1-2, MJD, SCA6-7, and DRPLA. This may be related to a pool of large normal alleles (40-91 CTGs) found to have a frequency of .7% in the general population.
Mitotic Instability
Mitotic instability is a feature of trinucleotide-repeat diseases, including DM (Jansen et al. 1994; Cancel et al. 1995; Chong et al. 1995) . The finding of multiple bands
Figure 4
Low-copy PCR of sperm cells. DNA was amplified with primers SCA8-F4 and SCA8-R4 and analyzed on 6% polyacrylamide gels. Allele sizes were determined by comparison of migration relative to a M13 sequencing ladder. A, Patient with alleles of 152 and 28 repeats in peripheral blood; alleles with р37 CTGs were assumed to have derived from the 28-repeat allele. B, Healthy control, homozygote for a 25-repeat allele on blood leukocytes; similar results (not shown) were obtained with another healthy control with 25/23 CTGs in peripheral leukocytes.
Figure 5
A, Frequency of variation in repeat size of a 152-repeat SCA8 allele in sperm cells of a heterozygous patient with 152/28 CTGs; the arrow indicates the length of the donor's allele in peripheral blood leukocytes (alleles with р37 CTGs are not shown, since they were assumed to be derived from the 28-repeat allele). B, Distribution of repeat-size changes during meiosis (determined by subtracting the size of repeats in leukocytes to that in sperm).
for each expanded SCA8 allele in peripheral blood leukocytes and the presence of mosaicism between sperm and blood cells (both for normal and expanded alleles) indicate a significant mitotic instability at the SCA8 locus. In DM, the heterogeneity in length of expanded CTG repeats in blood cells is also known to progress with time (Martorell et al. 1998) . Prospective studies are now needed to confirm whether this is also the case with SCA8.
Incomplete Penetrance
Several unaffected individuals were found to have a (CTG) n in the expanded range; two are very young (12 and 14 years) and two are still in their 30s; however, another unaffected subject (family LE), with a repeat size of 170 units, was 77 years old. Of note is also the fact that the 42-year-old, unaffected father of the girl with congenital ataxia (family CH) had one allele in the upper normal range (80 repeats) and a large expanded allele (170 repeats).
If the expanded (CTG) n is indeed the cause of ataxia in these families, possible explanations for incomplete penetrance include (1) somatic mosaicism with the presence of significantly different repeat sizes between affected tissues and peripheral blood, as is often seen in DM (Jansen et al. 1994) ; (2) a repeat length that is now different from that at the time of birth because of a progression of somatic mosaicism, as occurs in DM (Martorell et al. 1998) ; (3) operation of modifying factors (interruptions of the CTG tract, other polymorphisms, or imprinting); or (4) the fact that larger expansions may not be pathogenic, as suggested by Ranum et al. (1999) for CTG tracts 1250 units; we now have some evidence that this threshold may be as low as 170 CTGs. The possibility still remains, however, that these older carriers with large expansions are not completely asymptomatic but may have other undetected phenotypes-for example, some form of psychiatric disorder, as described by Kennedy et al. (1999) .
Intergenerational Instability
The expanded CTG tract showed instability during meiotic transmission ( fig. 1) , as is seen in other trinucleotide-repeat diseases (Tsilfidis et al. 1992; Duyao et al. 1993; Maciel et al. 1995; David et al. 1997) . We could verify the origin of the expanded allele in six cases, all of which were paternal transmissions; thus, we could not confirm the maternal bias toward transmission of SCA8 reported by Koob et al. (1999) . On the other hand, the expanded repeat showed a reduction in size in all instances but one (where its size remained the same); this is also in agreement with previous results, which showed a trend for contraction during paternal transmissions ).
If there is indeed a threshold above which large expansions are not pathogenic, we must thus expect an additional bias for paternal transmission of SCA8, with contractions into the pathogenic range. We must consider, however, the alternative hypothesis that genomic imprinting may be in operation in this instance, leaving paternal offspring unprotected.
Intergenerational instability of the CTG repeat in the normal range, like the one documented in family CH (individuals I:2 and II:1; fig. 2 ), was also described at the DM locus (Dow et al. 1997; Meiner et al. 1998) . Recently, meiotic instability of normal alleles was reported for the CAG repeat at the SCA7 locus (Giunti et al. 1999) .
Sperm Studies
Our results from germinal mosaicism (in low-copy genome PCR of sperm cells) in a patient with 152/28 CTGs ( fig. 4A ) confirmed the trend for contraction on paternal transmission of expanded repeats seen in pedigrees. But we also detected a significant degree of germinal mosaicism of normal alleles, both from that patient and from the two controls ( fig. 4B ). This indicates that the SCA8 locus is very unstable, undergoing both frequent contractions and expansions; although contractions were more frequent, some expansions over the normal range (191 CTGs) were observed in sperm cells of our normal controls ( fig. 4B ). These results enable us to predict the frequent occurrence of de novo mutations.
Implications for Genetic Counselling
All of these findings, if confirmed, will have strong implications on genetic counseling. The risk for the general population may not be negligible, whereas the risk for the offspring of affected fathers will probably be significantly less than 50%. Counseling will have to include data on penetrance, expansion and contraction rates, and parental origin. It would be reasonable that it include as well empiric information on allele-size change in the sperm of any given affected male. Any counselling based on information about the (CTG) n , however, should be postponed until confirmation of the present results and until the role of the expanded (CTG) n is no longer disputed (as in Durr et al. 1999) .
Haplotype Studies
Analysis of markers spanning 2 cM within the SCA8-locus region showed the existence of distinct haplotypes associated with the expansion in each of the five families. These results further support the hypothesis of a high mutation rate at this locus. Haplotype analysis in sperm cells also needs to be performed, to assess accurately the parental origin of each allele and to quantify its mutation rate. Further studies are also needed to look for cis-acting factors, such as the polymorphic (CTA) n preceding the (CTG) n , interruptions in the CTG tract, or other polymorphisms that may have a role in stabilizing the expansion and reducing penetrance.
